Summary
Introduction

33
During postnatal maturation, sensory processing goes through a critical period (CP), a 34 developmental interval, in which neural circuits are shaped by sensory experience. After this 35 time window, plasticity declines significantly, and learning becomes more difficult (Hensch, cortex (Carandini and Ferster, 1997; Anderson et al., 2000) . We recorded visually-evoked 91 extracellular potentials (VEPs) in V1 of adult mice in response to an alternating checkerboard 92 of varying contrast presented to the contralateral eye (Figure 1C, D) . We found an 93 enhancement of adaptation in ChABC-injected animals, measured as a significant decrease of 94 the slope of the transfer function ( Figure 1E ). Moreover, the spectral power of the local field 95 potential during both resting state and visual activity was increased by ChABC treatment in 96 the high γ-frequency band (40-80Hz; Figure 1F -I) consistent with a previous report (Lensjo et 97 al., 2017) . Importantly, PV cells are known to strongly modulate the gain of contrast 98 sensitivity (Atallah et al., 2012) , and improve network synchrony during γ-oscillations 99 (Cardin et al., 2009; Sohal et al., 2009; Isaacson and Scanziani, 2011; Buzsaki and Wang, 100 Figure 1. PNN removal in adult mice increases the contrast adaptation gain and the power of γ-oscillation. A, Representative micrograph of a sagittal brain slice (thickness: 350 µm) from a control animal, whose visual cortex was injected with PBS (Sham). PNNs are stained with WFA (green) and are present throughout the cortex, including V1 (delimited by dotted lines). The inset shows a magnified micrograph of a cell stained with an anti-PV antibody (magenta), enwrapped by PNNs. B, Same as in (A), but from a slice obtained from a ChABC-treated mouse. PNN disruption in V1 is indicated by the absence of WFA staining. The inset illustrates a PV cell devoid of PNNs. Scale bar: 500 µm; inset: 20 µm C, Experimental setup. Visual evoked potentials (VEPs) are recorded by a glass microelectrode in the primary visual cortex in the hemisphere injected with either Sham or ChABC. D, Typical recordings in Sham (black) and after PNN degradation (red). Each recording is the average of 20 sweeps. E, Transfer function in Sham (black) and after ChABC treatment (red). The two curves exhibit different slopes (*: p<0.05; ANOVA). F-G, Power spectra recorded in resting state (F) and during visual stimulations (G) in control (black) and ChABCtreated (red) animals. Note the differences in the two animal groups. H-I, Box plots representation of LFP power bins in resting state (H; Two-Way ANOVA, post-hoc Holm Sidak, p<0.001) and during visual activity (I; Two-Way ANOVA, post-hoc Holm Sidak, p<0.005). (Dityatev et al., 2007; Balmer, 2016), or 120 when the PNN protein brevican was knocked out (Favuzzi et al., 2017) . 121 We then analyzed glutamatergic synaptic transmission on PV cells and PNs. Enzymatic Table S3; for   131 ChABC-mediated effects on sEPSC amplitude and mEPSC frequency: P < 0.01 in control vs. We then investigated if a specific glutamatergic pathway was involved. First, we studied 136 intracortical circuitry but, surprisingly, we found a very low yield of connected intracortical 137 PN-PV cell pairs in L4 of adult mice (5%, n = 104), as opposed to young animals (40%, n = 138 20; Figure S5 ), likely because of re-routing of PN axons to L2/3 in adult mice. Therefore, we 139 focused our attention on the thalamocortical pathway, which carries sensory information. PNNs do not directly affect GABAergic synapses to and from PV cells.
162
Cortical plasticity is strongly modulated by inhibition (Fagiolini et al., 2004; Hensch, 163 2005; Toyoizumi et al., 2013; Kuhlman et al., 2013) . Accordingly, we found that removal of 164 PNNs is consistent with a more strongly inhibited cortical network ( Figure 1 ) (Sohal et al., 165 2009; Cardin et al., 2009; Atallah et al., 2012) , and enhanced recruitment of PV cells ( Figure   166 2 and frequency onto PV cells were increased upon removal of PNNs (Figure 3A ,B; Table S5 ).
171
Interestingly, however, AP-independent quantal mIPSC transmission was not affected by 172 PNN removal (Figure 3C ,D; Table S5 ). These results indicate that spontaneous GABAergic 173 transmission onto PV cells was due to a network effect, rather than a direct synaptic 174 alteration. Plasticity induced by sensory deprivation prevented the ChABC-mediated increase 175 of sIPSC amplitudes, whereas frequency was still increased in PNN-depleted mice ( Figure   176 3E-H; Table S5 ). Importantly, we did not find any change in sIPSCs in PNs following
ChABC injection, both in the absence and presence of MD (Figure S4E-H terms of magnitude and short-term plasticity, both in the absence and presence of MD ( Figure   185 3I-T; Table S6 ). Table S8 .
Interestingly, we found that the maturation of cortical circuits after the CP is accompanied by 226 a decrease of glutamatergic neurotransmission onto PV cells (both sEPSC amplitudes and 227 frequency; Figure 5A -C, Table S8 ), whereas GABAergic inhibition on PV cells was 228 unchanged throughout development ( Figure 5D -F, Table S8 ). This developmental decrease of 229 glutamatergic strength was selective for PV cells, as both glutamatergic and GABAergic 230 neurotransmissions on PNs were stable across pre-and post-CP stages ( Figure 5G -L, Table   231 S8). isoflurane Iso-Vet®; 250 mL air) until insensitive to nociceptive stimuli (tail pinch) and then fixed on a stereotaxic 487 apparatus with a mouth mask constantly delivering isoflurane (2-2.5% isoflurane; 200 mL air). The analgesic 488 buprenorphine (0.1 mg/kg -Buprecare®) was intraperitoneally injected and an ophthalmic ointment was applied 489 on the eyes. Body temperature was constantly controlled and maintained to 37.5° using a heating pad. An incision 490 was done in the skin (the local anesthetic bupivacaine was applied before the incision; 0.25% in NaCl 0.9%) and 491 a small hole was drilled in one hemisphere at 2.9 mm lateral from Lambda. Small glass capillaries (external 492 diameter of 40 µm; internal diameter of 60 µm), beveled in order to ensure a better penetration into the tissue and 493 therefore produce less damages, were filled with 1 µL ChABC or PBS. Two injections of 350 nL each (with a rate 494 of 100 nL/min) were realized at a depth of 800 µm and then 400 µm, with 5 min of interval. The skin was sutured 495 with a non-absorbable 3/0 filament (Ethicon®), an antiseptic (betadine) was applied on the skin and the mouse 496 gently removed from the frame and kept at 37°C in a heated chamber until full recovery. In vivo experiments or 497 brain slices for electrophysiology were prepared 2-3 days post-injection. University of Pennsylvania). Viral particles were injected in the hemisphere, in which PNNs were subsequently 506 degraded. The procedure was similar to the ChABC/PBS injections (see section above) except for the following 507 points: i) we used a rigid needle (Hamilton®, 13mm, , which is more appropriate to target 508 deep structures such as the dLGN; ii) the coordinates of injection site were 2.06 mm posterior to Bregma -2 mm 509 lateral to midline -3.2 mm deep from the surface of the skull; iii) one 50 nL injection was performed at a rate of 510 50 nL/min (viral titer: 2.5x10 13 particles/mL, diluted at a factor 5 in fresh PBS). After 10-12 days, sufficient for 511 an adequate expression of ChR2, mice were treated with the ChABC or PBS injections. In some cases, mice were 512 monocularly deprived as described below. 513 514
Sensory deprivation in adult mice by monocular deprivation
515
In some experiments, following the injection of ChABC/PBS, the eyelid of the left eye (contralateral to the 516 injected hemisphere) was sutured shut. The anti-inflammatory Diprosone (0.05% ointment) was applied on the 517 eye and the superior and inferior eyelids were gently removed with fine scissors. Four stitches were realized with 518 non-absorbable 6/0 filament (Ethicon®). 1-2 drops of the anti-inflammatory Tobradex were put in the sutured-519 eye and the mouse was removed from the frame and kept at 37°C in a heated chamber until full recovery. Mice 520 were killed when signs of infection were observed or if the sutured eye re-opened. Brain slices for 521 electrophysiology were prepared 48 to 72 hours post treatment and surgery. 522
523
In vivo recordings
524
During surgery and recordings, body temperature was maintained constant through a heating pad and respiration 525 and heartbeat were monitored (heart rate range 420-580 bpm). Oxygen-enriched air was administered through all 526 procedures. All necessary efforts were made to minimize the stress of the animals. 527
Mice were anesthetized by intraperitoneal injection of urethane (0.8 ml/kg in 0.9% NaCl; Sigma) and head 528 restrained during the duration of the recordings. When necessary, 10% of initial dose were administered 529 intraperitoneally to maintain the anesthetic level. A portion of the skull overlying the visual cortex (0.0 mm 530 anteroposterior and 2.9 mm lateral to the lambda suture) was drilled and the dura mater was left intact. A chamber 531 was created with a thin layer of a dental cement around the edges of the craniotomy. Cortex was maintained 532 constantly wet with ACSF containing (in mM): 120 NaCl, 3.2 KCl, 2 CaCl2, 1 MgCl2, 1 K2HPO4, 10 HEPES, 533 26NaHCO3, (pH=7.4). Animals deeply anesthetized under urethane were sacrificed by cervical dislocation 534 without regaining consciousness at the end of the experiment. Local field potentials (LFPs) and visually evoked 535 potentials (VEPs) were recorded by a glass micropipette (impedance ~ 2 MΩ, filled with ACSF solution) 536 positioned into the visual cortex at a depth of 250-300 µm. A common reference Ag-AgCl electrode was placed 537 on the cortical surface in the ACSF bath. Electrophysiological signals were amplified 1000-fold (EXT-02F, NPI), 538 band pass filtered (0.1-1000 Hz), and sampled at 2 kHz. Visual stimuli were generated on a LCD display (mean 539 luminance at maximum contrast, 3 cd/m 2 ) by a MATLAB custom program that exploits the Psychophysics 540 Toolbox, and the luminance of the stimuli was calibrated by means of a radiometer (Konica Minolta). Transient 541
VEPs were recorded in response to the reversal of a checkerboard every 2 seconds (spatial frequency 0.04 c/deg). 542
The response to a blank stimulus (0% contrast) was also recorded to estimate noise. 543
Preparation of acute slices for electrophysiology
545
In order to record intrinsic and synaptic properties of L4 neurons of V1, we prepared acute cortical slices from 546 mice at different postnatal (P) ages (<P20; P25-P32; P40-P60 and >P70), and adult (>P70) mice previously 547 injected with either PBS (sham) or ChABC. For these experiments, we used slices cut in the sagittal plane (350 548 μm thick). In experiments from deprived-animals as well as in which thalamocortical neurons expressed ChR2, 549
we cut slices in the coronal plane (350 μm thick), to localize the binocular zone of V1 (V1b). Animals older than 550 25 days were subject to intracardial perfusion of ice-cold cutting solution (see below) before extracting the brain. 551
This procedure improved the quality of slices and preserved the integrity of the tissue significantly. Animals were 552 deeply anesthetized with pentobarbital (50mg/kg -Euthasol® Vet) and 100 µL of Choay heparine was injected in 553 the left ventricle of the heart before perfusion. Animals were then perfused through the heart with a choline-based 554 cutting solution containing the following (in mM): 126 choline chloride, 16 glucose, 26 NaHCO3, 2.5 KCl, 1.25 555 NaH2PO4, 7 MgSO4, 0.5 CaCl2, cooled to 4°C and equilibrated with 95% O2 / 5% CO2. The brain was then quickly 556 removed (for groups of mice aged <P20, this procedure started right after deep anesthesia) and immersed in the 557 same cutting choline-based solution (4°C, equilibrated with 95% O2 / 5% CO2). Slices were cut with a vibratome 558 (Leica VT1200S) in cutting solution and then incubated in oxygenated artificial cerebrospinal fluid (aSCF) 559 composed of (in mM): 126 NaCl, 20 glucose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2 (pH 7.35, 560 310-320mOsm/L), initially at 34°C for 30 min, and subsequently at room temperature, before being transferred 561 to the recording chamber where recordings were obtained at 30-32°C. by their typical fast-spiking firing behavior in response to depolarizing DC current steps. Excitatory principal 568 neurons (PNs) were visually identified using infrared video microscopy by their relatively small size round cell 569 body and no apical dendrites. Accordingly, when depolarized with DC current pulses PNs exhibited a typical 570 firing pattern of regular-spiking cells. We used different intracellular solutions depending on the type of 571 experiment and the nature of the responses we wanted to assess. To study intrinsic excitability, AP waveform and 572 glutamatergic spontaneous transmission, electrodes were filled with an intracellular solution containing (in mM): 573 127 K-gluconate, 6 KCl, 10 Hepes, 1 EGTA, 2 MgCl2, 4 Mg-ATP, 0.3 Na-GTP; pH adjusted to 7. Signals were digitized with a Digidata 1440A and acquired, using the pClamp 10 software package (Molecular 588 Devices). 589
For intrinsic excitability experiments, neurons were recorded in current-clamp mode. In order to avoid any 590 contribution of differences and variations in the membrane resistance (Rm) on the frequency-current curves, the 591 injected current was adjusted in each cell as a function of Rm. This value was determined by the Ohm's law (I= 592 ΔV/Rm): we injected an amount of current (I) to obtain a ΔV of ~10 mV, depending on the actual Rm of each cell, 593
and increasing the amount of depolarizing current to obtain a ΔV of 5 mV, for a total of 15 current steps. 594
Single AP were obtained by injecting brief (2 ms) current steps of increasing amplitude from a Vm of ~ -70 mV 595 in order to determine the minimal current intensity required to elicit a spike in each cell. This current was then 596 injected 20 times and we averaged the trials for each cell from which we calculated the first derivative of the Vm 597 and constructed planar phase plots to extract AP threshold values. 598 failures. This light intensity was refereed as threshold stimulation (Gabernet et al., 2005; Bagnall et al., 2011) . The 626 duration of light stimulations were 0.3 ms for feed-forward (FFI), and 1ms for thalamocortical glutamatergic 627 activation. The stimulus duration was longer in the latter case, due to the presence of TTX and 4-AP. With these 628 constant pulse durations and by varying illumination intensity, the threshold stimulation was determined for each 629
cell. 630
For all experiments, neurons were discarded from the analysis if the access resistance was >30 MΩ. All drugs 631 were obtained from Tocris Cookson (Bristol, UK) or Sigma-Aldrich (St-Louis, USA). 632
Statistical tests
672
All statistical analysis were performed in Prism (GraphPad Software, Inc.). Normality of the data was 673 systematically assessed (D'Agostino & Pearson omnibus normality test). Normal distributions were statistically 674 compared using paired t test two-tailed or One-way ANOVA followed by Bonferroni's Multiple Comparison post 675 hoc test for more than two independent groups. When data distributions were not normal or n was small, non-676 parametric tests were performed (Mann Whitney test and Kruskal-Wallis test followed by Dunn's multiple 677 comparison test for more than two groups, respectively). For the comparison of firing dynamics and short-term 678 plasticity, Two-way repeated-measures ANOVAs were used followed by post-hoc Holm Sidak and Bonferroni's 679 multiple comparison tests for in vivo and in vitro experiments, respectively. Differences were considered 680 significant if p<0.05 (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Values are presented as mean ± SEM of 681 n experiments. 682
To measure if MD effectively changed ChABC-mediated effects on synaptic transmission, we used a variation of 683
Cohen's d (Cohen, 1988; Lakens, 2013) , Glass' , which uses only the standard deviation of the control group (Glass 684 et al., 1981; Lakens, 2013) Table S1 . Table S1 . Mean values ± SEM. n = number of cells; N = number of mice. *First injected current to induce a V of -10 mV; incremental current steps in f-i plots were half this value. Mean values ± SEM. n = number of cells; N = number of mice.
PV cells
n N AP threshold (mV) AP width (ms) AP peak (mV) Mean values ± SEM. n=number of cells, N=number of mice. Responses were measured at threshold in presence of TTX and 4-AP. 
